Oesophagectomy is a technically-demanding operation associated with a high level of morbidity. We analysed the association of pre-operative variables, including those from cardiopulmonary exercise testing, with complications (logistic regression) and survival and length of stay (Cox regression) after scheduled transthoracic oesophagectomy in 273 adults, in isolation and on multivariate testing (maximum Akaike information criterion). On multivariate analysis, any postoperative complication was associated with ventilatory equivalents for carbon dioxide, odds ratio (95% CI) 1.088 (1.02-1.17), p = 0.018. Cardiorespiratory complications were associated with FEV 1 and pre-operative background survival (in an analogous group without cancer), odds ratios (95%CI) 0.55 (0.37-0.80), p = 0.002 and 0.89 (0.82-0.96), p = 0.004, respectively. Survival was associated with the ratio of expected-to-observed ventilatory equivalents for carbon dioxide and predicted postoperative survival, hazard ratios (95%CI) 0.17 (0.03-0.91), p = 0.039 and 0.96 (0.90-1.01), p = 0.076. Length of hospital stay was associated with FVC, hazard ratio (95%CI)
Introduction
Approximately 8000 patients are diagnosed with oesophageal cancer each year in the UK [1] . Patients with localised disease may be cured by surgical excision of the cancer, in conjunction with neo-adjuvant chemotherapy for advanced local disease, but with rates of morbidity and mortality within the first postoperative month of 30% and 3%, respectively [2] .
A cardiopulmonary exercise test assesses oxygen delivery and utilisation in response to a graded increase in exercise intensity. The results of cardiopulmonary exercise tests associate with postoperative morbidity after major abdominal surgery [3] [4] [5] [6] and may improve upon risk prediction tools that do not incorporate measures of aerobic fitness [7] .
In this study, we aimed to assess associations between pre-operative variables, including those from cardiopulmonary exercise, with morbidity, survival and hospital stay after oesophagectomy.
Methods
We analysed data collected prospectively for patients at the Royal Victoria Infirmary, Newcastle, who underwent oesophagectomy between December 2012 and December 2015 for adenocarcinoma or squamous cell carcinoma with two-field lymphadenopathy [8] . AT, anaerobic threshold; BMI, body mass index; _ VO 2 , oxygen uptake; _ V E / _ VCO 2 , ventilatory equivalent for carbon dioxide. Patients performed a pre-operative symptom-limited, ramped cardiopulmonary exercise test on an electronically braked cycle ergometer (Lode, Groningen, Netherlands), with continuous ECG, pulse oximetry and calibrated gas analyses (Medical Graphics UK Ltd., Gloucester, UK). We used age, sex and height to estimate a power ramp that would permit 6-10 min braked pedalling. We measured oxygen uptake ( _ VO 2 ) and ventilatory equivalents for carbon dioxide ( _ V E / _ VCO 2 ) at the anaerobic threshold (modified V-slope method) and peak _ VO 2 (Breeze Suite 8.2.0.67.SP3, MGC Diagnostics, MN, USA) [9, 10] . The results informed treatment decisions at the multidisciplinary meeting, including neo-adjuvant chemotherapy 5-8 weeks before surgery (Appendix 1) [8] . We recorded postoperative durations of critical care and hospital stay, deaths and complications, with the accordion score [11] and by system: cardiovascular (acute coronary syndrome, heart failure, problematic atrial fibrillation); respiratory (pneumonia, pulmonary embolism, acute respiratory distress syndrome); gastro-intestinal (anastomotic leak); and 'other'. We compared observed survival with that expected for an equivalent population without oesophageal cancer or its treatment [12, 13] .
We analysed data with SPSS (Version 20, 0, 0, IBM Ltd., Armonk, NY, USA) and STATA (Intercooled version, release 12, StataCorp, College Station, TX, USA). We used ANOVA to compare normally distributed continuous variables (Shapiro-Wilk test), or the Mann-Whitney test. We used logistic regression to analyse the associations of independent pre-operative variables with postoperative morbidity and Cox regression to analyse their associations with lengths of stay and survival. We entered variables associated with outcome at p < 0.1 into stepwise multivariate regression and used the maximum Akaike information criterion to determine the final model. We considered p < 0.05 statistically significant.
Results
We studied 273 patients who underwent oesophagectomy and: for 240 of these we had complete perioperative data (Table 1) : 264 patients underwent right subtotal oesophagectomy (255 two-phase and 9 threephase) and one patient underwent left thoracoabdominal oesophagectomy. Eight patients had inoperable disease, determined at laparotomy.
We recorded postoperative complications in 179 out of 273 (65%) patients; 63 (23%) patients had severe 'surgical' complications (accordion 3-5) and six patients (2%) died before discharge from hospital. The associations of pre-operative variables with postoperative complications are listed in Table 2 (any complication) and (Fig. 1a and  b) . The associations of pre-operative variables with hospital stay are listed in Table 4 . The associations of preoperative variables with survival are listed in Table 5 , which are compared with predicted survivals in Fig. 2 .
Discussion
We found that age, measures of cardiopulmonary fitness, renal function and predicted survival were associated with cardiorespiratory and other complications after oesophagectomy. Observed survival and hospital stay were both associated with a measure of the efficiency of pulmonary gas exchange ( _ V E / _ VCO 2 ) and predicted survival.
The measurement of cardiorespiratory fitness contributes to the assessment of risk, the distribution of resources and informs patient choice before major surgery [3] [4] [5] 14] . Our patients were comparatively fitter than colorectal, vascular and hepatobiliary patients, which might be accounted for by their relative youth and presenting pathology, yet in agreement with those studies, patients who were less fit in our cohort were more likely to have complications [3, 5, 14] . Cardiopulmonary exercise measurements have not been conclusively associated with morbidity after oesophagogastric cancer surgery in other studies [15] [16] [17] . This may be because the patients and operations were different: complications were markedly different after oesophagectomy (laparotomy and thoracotomy) as opposed to gastric resection (laparotomy only) [16] . We studied a large cohort of patients who had standardised treatment over a relatively short period of three years. Nevertheless, patients in our cohort who underwent oesophageal cancer surgery were relatively fit, whereas patients who underwent gastric resection, sometimes palliative, sometimes curative, were older and less fit. Our study has some limitations. Most patients (70%) received neo-adjuvant chemotherapy after their cardiopulmonary exercise test. Chemotherapy variably impairs fitness, for instance reducing the anaerobic threshold by a mean value of 2.1-2.4 ml O 2 .kg
À1
.min À1 [18, 19] . This means that the fitness measurements we tested would not have represented the physical condition of some patients when they had surgery. A repeat test, just before surgery, would have informed both the association of current fitness with postoperative outcomes and any independent association of pre-operative neo-adjuvant changes in fitness with outcomes. Some unfit patients may have been excluded from surgery through clinical assessment and 33 did not complete a test, the reasons for which we did not record, thereby potentially contributing to the high relative fitness in our cohort. We do not know whether cardiopulmonary tests influenced whether patients were recommended surgery. The predictive calibration and discrimination of a model, based upon the variables we identified, might be tested against observed complications and hospital stay in a separate cohort. Interventional studies, for instance of pre-operative exercise, might similarly be informed by predictive models based upon our data. Our data might help personalise the accuracy of information given to patients before surgery and frame their expectations, rather than default to average cohort outcomes. We may be able to target treatments and management to those at increased risk of complications and improve surgical or cancer outcomes. The observed survival in our cohort reinforces how oesophageal cancer markedly shortens survival. In summary, we have described the pre-operative variables associated with outcomes after oesophagectomy. Postoperative complications were common and survival was relatively short. Our data might be informative to patients and clinicians, and help target future improvements in care. Postoperative years Figure 2 Kaplan-Meier estimated survival (95%CI) after oesophagectomy in 240 patients ( ) compared with the predicted background survival for an equivalent population: without oesophageal cancer or oesophagectomy ( ); and after an operation that temporarily increases mortality 10-fold ( ) [12] .
